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I. Introduction.
Feriiilab Experiments E7i2 and E789 are !ked target experiments with 800 GeV

protons incident on nuclear targets corresponding to a center-of-mass ener~ of “G *
39 CeV. Measurements are made with a pair sp=tmrneter which has a solid angle of a
few percent and operates at high lnrninosity with up to - 1012( E772) or -- 101 L(E789)
protow/5pi11. Our experimental program explores several types of nuclear medium
effects: the modification of quark and gluon structure functkm.s by the nucleus, effects
on the production of vector mesons (e.g. J/+ and T), and effects on the production
of D mesons. The latter is accomplished with the use of a new silicon vertex detector.
E789 also looks at the decays of B mesons including the decay to J/+ and searches for
the decays to two-charged particles (e.g. El + hth-) but I will not discuss this part of
our program in this talk.
[1. Structure Functions

Tht> domin; lnt proct!s:st!s involw.li in Drt:ll-Yan ( DY) a,n(i in vector mwmn prmiuction. . . .ar~? shown in E I:. 1. 1 he:ie prt)t:,w;w; providt’ inf(~rmation on the structur~! functions of
the struck partons, which givt? the probability for the parton involved to have a certain
fractior,, z, of the nucleon momentum. The DY process involves the annihilation of a
proton beam quark (anti-quarh) with a targ~t anti-quark (quark). Unlike deep inelastic
lepton scattering wherv ont! is st:nsitive to both the target quark and anti-quark structure
functions DY is primarily sensitive to the target anti-quark structure function in tl.e
kinematic r+:gion of our experimt~nt. For resonance production ( J/IJ , W’ , and Y) th+~
dominant mechanism is that of glrmn-gluon fusion which involves the product ot’ the
beam anti tarpyt struct,lirt: fllnctil~n.s.

The b~sic phy’iical i(ltm Iwllin(l a number of the common thtwrvtical mmlel:j for
the modification O( struct, ur+![Ilnctions by the nucleus can be illustrated in fairly sim-
ple terms. [n the discussion that follows [ will look at the ratio of structure functions
between a heavy nucleus and deuteriurn, R( A D), versus target quark momentum frac-
tion, z:. ,4 constant vdILc of one correspon L to no nuc!ear effect. ZL (Z2) represents
the beam(target) parton mom+! nturn fraction and ZF = Zi – r:.
i) Nuclear binding and Fermi motion’ ””:

[n principle nuclear binding will produce excess pions in the nucleus which would

carry ofl some of the! nul.ll~l~r: momt!nt. urn and thus cause a reduction in the appar~nt
momentllrn fracti(]n of tht~ ,illt~rks in the nutler)n. This producm an efkt in thr ratio .M
shown in Fig, ?a. [[ow+~vt!r tlIP pion has a valence anti-quark (which h= a [a;r[y h~r,~

momentum fractii~]n] whilt! th+~ nm:lw]n h,w~only soft (sea) anti-quark;, Thu:~ thr excess
pions in a heavy nuc l*!ll:j rni~ht Iw expected to cause an incre=c of th+: ratio at Iargr x
for th+! [~r~l;-?-:m prm:w+:i which iii primarily s~nsitive to thv anti. quarhs (Fig. ?b),

At I.argr z th~! nlwl+mn :;t,rll(:tur~! function becomm r+?l,ativcly :;mall. F[owwer Fvrrni
motion in J nuch?u:; i:.m .~prwli tlli:s di~t, riblltion to producp a tinit~! popultlhion noiu
r 1. A r~tio slluh M shown in k’i:; . 3: mwults.
ii) Rosrlnlirlg’ ‘;:

Th+’ rwit.dl[l~ rrl(vlt’1 III Itl’ i ;irllrllc~:ilc f~)rm is -L []ll**rl ~;rr14*ntJl~)t{ii. ill r,’lolti( rl;llip wilt’ri’
t.1111:;trllt.t,llr,. (lirl,.l,ll~rl 111,], 1111111*11,: I , f’IIII,Ll t,() RI If* IInrrlo,litiwl rlllt.l,vlr] il,rll(”l,lirr, l“IirII”l, II III

~Iv tlllfttlt’~l AI. .L l,~r!tl’r (,,!:, I I

L’v’11,11‘. “: rl’.l,, !(lll.llllk :~,l)llli .I, ”,rl’!llli’llt, IL! IIllt,,llllt’!l wl~,ll !,111’1)1’~ 1! ,11..1 !“1:1 I I’1llll\ .111.1’.
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II II,”i,,r rIIIIIIICIII!II III 1’111, 1,1Ir 111111111,111,11111 ~r.t( 1,111:1 Itl’ I,ill J (Ill,lri I
,
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a loss of valence quzuk momentum. The resulting dependence of the ratio will then Icmk
something like Fig. 2d. One simple model which produce such an increase of scale is
that of Close, JaEee, Roberts, and RLXS6 where they introduce an incread confinement
scale that is proportional to the overlap of nuclmns. The nucleon overlap is calculated
using different correlation functions and singbparticle deusities. They then assume
that when two nuc hams overlap their quarks prcpagate over a larger spatial domain
resulting in a corresponding inc-re~e in scale. -
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Fig. 1. The Drell-Yan and gluon-gluon fus”.on
processes.

I rhca9 *“S

D IS

~ 1----

t

:1 ---’ -------
1>:

I ●l

L...--. .+
~, 1

F.,,”, M8,LN,,1

I

.-.

-1 ~------
..:

L. .- ..---..+
El I

1
tl.Q,i.irk

-. 1G

= 1-----.-: /.

i —.

i

E..m -’a

z /“L’2 -1------- --
.ti”

l_-1,)

-4
C, 1

I Raw.hq

f , i....

L
--------~: --..

J)

—.--. — —,

c1 I

$

t’

yl’--------
r)

Fig. 2. Schematic e.tpeccmions for different



■
IU. Reaction Dynamics

A number of reaction dynamics effa~ must be considered when studying th~
high-energy reactions.11 SO- of tke are d@uted in ~n fom in Fig. 3. For
the Dreu-Yw p~ we -t to see some ioitiabtate multiple scattering and ~
k ●ffats which W-W broaden the tmnswme momentum, ~, of the &muon pair and
shift the effective zp of the “interaction. In the case of -nance production, e.g. J/*
product-km, other bnl-stak •ffa~ enter and the situation is more complicate. A CE
or pre-J/#J pair is formed “man *!mt Point-Iii “h@eraction and then must spread out
for a co~i&rabk distance (e.g. S 10 nuclear rdi) at which it achwm a separation
dutance correspond- to the J/# dismekr and it hadronizes. The actusl dwtanceof
course depends on both the ZF at which it “Bpm~duced and differs according to what
meson ‘h produced. In addition a splwsh of Iow+nergy r’s, p’s, and nucleons is createri
by the incident beam quarks. Some of these can be c-moving with the pre-J/#, i.e.
have small relative velocity with resptwt to the pre-J/$. The prd;dl can then be
multiple scattered or can be dismciated by the co-mmwrs, e.g. J‘~ + iV ~ L + D + .Y.
The pre-J/# can also be dissociated by the nuclear medium ~irectly, however since
the c-mcmrers can continue to interact well outiide of the nuclear volume they may in
principle have a more important eEfect.
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are stripped off on the black nuclear surface according to A=J’. This leaves a spatially.
small et which can then readily penetrate the nucleus and become a J/@. An analogous
process involving intrinsic beauty could contribute to T production. These proc~
could then cause an A*J= dependence in the ratio at large ZF where they would be
expected to provide the dominatrt contribution to the crtms wxtion.
W. Experiment E77213

Fermilab E772 meamw- the A-dependence of the DreU-Yan procew and of resonance
production at a c-m. ●nergy of --39 GeV by colliding 8(M GeV protons with bed nuclear
targets. By me~uring the momenta of the muon pair ofi~ can then calculate the beam
parton and target parton momentum fractions. For the DY prcnxm the differential crms
section is related to the structure functions by,

where ~L(x:) is the beam (target) quark momentum fraction and ~,’ ( ~~) is the quark
(anti-quark) strc.ctwe function with j’ = 1,2 corresponding to beam, target, and where
the sum over z is over typ~ of quarks. The K-factor in front of this expreu~ion represents
QCD corrections and is - 2; however the crass-section factorizes14 so that this factor is
constant over the quark momentum fraction. Thus in our experiment, which for the DY
process involves tdmost exclusively the product of the beam quark and target anti-quark
structure functions, the cross section is a direct me=uremcnt of this structure function
product.

The detectl Ir US*:IIat Fermilab for E772 is shown in Fig. 4. Drell-Yan c’ass sections
in the 3 ~ Mti.*- < L6GLV region are only a few pb’s/CcL-. However thh detector
has good acceptance for ~+~ - pairs (= 5%) and can handle a very high rate of protons
on target (up to 2 x 10i2/spill). The portion of the 800 GeV protons which does
not interact in the target is absorbed in the beam dump contained within the first
magnet. Produced muon pairs are analyzed by two large magnets with a total ~
kick of abou~ 6 GeV. A copper~carbon/polyethy lene absorber near the rear of the 6rst
magnet protects the det=tors downstreamof the first magnet from low energy particles
from the target, beam dump. or magnet walls. Several sets of scintillator hod-copes
and wire chamber or drift chamber planes throughout the resit of the detector accurately
determine the momenta of the two muons. A calorimeter and a thick absorber -ure
that only muons penetrate through to the rearmmt planes of detectors which then
provide a clear muon identification. The measured momenta and thr track angles are

then used to reconstruct physics quantitim. The rmulting nws spw.trurn is shown in
Fig. 5, [n addition to thr Drc![-Yan continuum VW! also :i*~*~ thr J:rit and ~’ peaks
near thr Iowcr end of thm acceptance and mvrral T peaks rwar the high end. For thv
Drell-Yan rmul~s that will b~ shown thrtwlghout th~ rest of thi:i pzper only th+’ cross-
hatch mw (4 . M o 9 an~l AU . 11 [;qV) will I)P Il:;r.(! in f)rflf.r t,l ;~voirj s~,j~pm~~lt:

~rrofi$ rr’[.lltsci to PC’A lll-to.rrrlinath for th~. rmitmanf.wi. ‘l-h?! f],lf,,l ,]t)t,.Linw[ for tho thrrw
:;t~ttin~; ~)f tht~ mit::nr”r.:; i:; :;llrrlrrl.wiw(l in ‘[-; AI*s1, ,u; wo thl’ :f,,ll.l:;t,ic.~1llnrc.rt,~ifltlty; f,}r
thr [)r}~ll Y,Ln (l,~t.1 (ll)t,.~irlwl (I)r f.ho ,lltfr~r~~qr, r: I)irl: I.,wo”ri’!l l,) tll~’ r~xpt’rirrlr’llt. f)f t,ll~’
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TABLE I - E?72 DATA SUMMARY

Magnet Setting (&f(p’p-)) Targets Proton Flux IXmuon Events

Low~ 4.8 GV Fc/Ca/LD2 6 X 101s 170 k
W/C/LD2 2 x Iols 70 k

Medium mm 6.5 GeV Fe/Ca/LDz 2.4 “<lo’~ 280 k
W/C/LDz 0.9 Y lol~ llOk

I!igh mxs 9.1 GeV Fe/C!a/ L D2 1.5 x 1016 40 k

TOTAL 5.6> 10’ti 670 k

Statistical Errors in DreU-Yan Crass Section Ratios for Various Z2 Bins (ZF > O)

Target o – 0.05 0.05 -0.1 0.1-0.15 0.15 -0.2 0.2 – 0.25 0.25 -0.3

Ca,Fe < 1% 1% 2% 5% 12%
C*W x 1% 2% 4% 10% 24%
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. panel. The depletion in the shadwing region for the EMC data is apparently
stronger than that seen in our data. However it is difficult to make a direct com-
parison s-mce this EMC data in the shaduwing region corresponds to Q*’s between 4
and 14 GeV2 while the E772 data corresponds to Q* above 16 GcV2. For our Fc/2H
rat io we compare with specific model calculations obtained from Hwang, M-, and
Peng. 16 The pion excess model uses a g~ = 0.6 and badly misses the data. The quark
cluster calculation which follows the model of Carlson and Havens7 and us= a 6-quark
cluster probabili~ of 15% also badly misses the data. Only the resealing model agrees
at all with the data. The disagreement for z <0.1 can pr-umably be hxed by adding
in a depletion due to shadowing.
VI. A-dependence of Resonance Production

The mass dependence of the ratio of integrated cross sections (summed over Z! and
~) for resonance production from E772 ‘E shown in Fig. 7. AISCJshown for corr.parison
is the Drcll-Yan data w host+ total cross section h= no mass dependence and lies on the
horizontal line at R = 1. AII the resonances shown have a strong A-dependence with
the lighier resonances (J/+ and v’) having the strongest suppression with mass. ,4
simple fit of the form R = A“ has been done to the resonances (with the J/@ and ~’ fit
together and the T’s fit together). The resulting a’s are 0.96 for the T and 0.92 for the
J/+ and ~’. Although scme of this A dependence could be caused by a modification of
the gluon structure function in nuclei it seems [ikeIy that most of it caused by nuclear
cfkts in the final-state such M those described in Section 1[1.
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9
stronger su pression at z~

,?
s O and below. This suppression, as sugg~ted by Brc&kY

and Vogt, may be caused by the comovem which might be expated to have a larger
overlap with a pre-mmn when it is mov-mg slmwx, as it would be in the small ZF region.
At large ZF the J/# shows an increasingly strong supp- ssion. Two different models
claim to explain this effect. One is the intrinsic charm ..iodel of Brodsky, which ww
mentioned earlier in this talk. The other is a simpler model from Gavin 10which aplains
this behavior as ruult-kg horn energy lcms effects in both the incident and fimal state.
The basic idea behind this model can be undefitood in simple terms by considering
the ZF distribution of the production pnmss which is depicted schematically in Fig. 9.
When one goes from dekrium to a heavy nucleus the additional energy 10SScan shift the
effective ZF distriblltion towards smaller ZF remlting in a ratio which fah with larger
ZF x shown. A similar but smaller ●ffect in the DY zr dependence r=ulting from only
the initial state is also explained within this model.

XF

T
~(A/D)

-.—-- —. >..
$. ●

‘.

Fig. 9. Cartcumpicture of how

1
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to be able to creace quark-gluon plasma for which such a suppr=ion wzs predictecl.zo.
However it is clear that whatever eff=ts are responsible for the suppr-ion of proton-
nucleus J/$ production may also play an important role in heavy-ion ~/V production
and could explain most of the suppression seen with heavy-ions. Detailed comparisons
have been done in Refs..1117

E789 is now running at Ferrnilab. One of the goals of this run is to determine the
A-dependence of D production and to compare to the resul@ al-ready obtained for J/#
and T production. The standard mechanism for loss of l/#’s due to interaction of a

pr~~i+ with either the nucleus or comovers is dissociation into a D-D pair. hi this
c=e the loss of -J/qfJ’s would apparently feed the production of D’s, tending to enhance
D production. However recent data from WA82 for D-meson production suggests that
the A-dependence for D’s may be even stronger than that for the J/@.zL Lf this is true
thr:r. it may be inconsistent to describe the main mechanism for suppression of J/LL

prlx.iuction M dissoc;dt;on to D-D pairs. ,,,,
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have correspondingly better efficiency for downstream decays and rejection of target,
backgrounds. Our estimate is that we already have approximately 7000 reconstuctable
D’s on tape (inc!tidirig efficiency losses) of which about 700 are from the Be target and
the rest from ;V. However it will take some time before we have our offline tracking
tuned up adequately for the new silicon configuration and are able to produce new
results including the A-dependence.

Another issue that our new data addresses is the content of the continuum in the
m~s region below the .J/+. This is one of the regions where a signal from the quark-
gluon Dlasm could be evident. Preliminary results f~om our recent measurements, as
shown-in Fig. 12, indicate that this region is domir.ar.ed by char :n Calculations of the
DY contribution, although somewhat unreliable in the mass region, show that the DY
contribution is negligible compared to our data. T1- e charm contribution, which comes
from decay of a correlated D-D pair into di-lepto.ls \-is semi-Ieptonic decays, car. be
directly- determined by measuring the p+e= ma~s spectrum. tf’e have done this an~l
find that essentially all the continuum it-, the 2 to L Get- region can be explained by
charm. The contribution from randorns in our experiment was fourid to be negligible.
T1-.=e conclusions are based on a very recent analysis of a very smali portion of our
data and will become more definitive as our analysis progresses. However it is already
clear that signatures of quark-gluon plasma via continuum di-leptons in the 2 to 3 GeV
mass region will be overwhelmed by charm decays.
VII. Summary

Precise measurements of the A-dependence of the Drell-Yan and of resonance (.J,/+,
v’, T) production have been made in Fermilab E772 and E789. The anti-quark structure
function is not affected by the nuclear medium up to x < 0.3 except in the shadow-
ing region at very small z (z < 0.1). Models which produce a significant anti-quark
enhancement or depletion for 0.1 < z < 0.3 are ruled out. Vector meson production
of J/+, q)’, and T all exhibit a large suppression in a heavy nucleus with the strongest
suppression for the J/+ and 4’. This suppression is strongest for large ZF and for ZF
at or below zero. The integrated A-dependence yields an a of .92 for the J/+ and @’
and .96 for the T ‘s. lt is not clear how to decouple structure and reaction mechanism
effects in order to extract the A-dependence of the gluon structure function. The ~
distribution is broadened for the J/+ presumably dt~e to initial-state effects. For the T
a more dramatic and complicated ~ dependence is seer, c which no simple explma-
tion is known. J/+ suppression in proton- nucleus and in -.y-ion collisions probably
share common physical origins (e.g. initial and final-stake effects). Thus a cle~ un-
derstanding of proton-nucleus vector-meson production including more comprehensive
data will be essential in order to understand production in heavy-ion collisions r,nd to
look for effects f a quark-gluon plasma.
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